Purpose: To assess the sensitivity of Persyst version 12 QEEG spectrograms to detect focal, focal with secondarily generalized, and generalized onset seizures. Methods: A cohort of 562 seizures from 58 patients was analyzed. Successive recordings with 2 or more seizures during continuous EEG monitoring for clinical indications in the ICU or EMU between July 2016 and January 2017 were included. Patient ages ranged from 5 to 64 years (mean = 36 years). There were 125 focal seizures, 187 secondarily generalized and 250 generalized seizures from 58 patients analyzed. Seizures were identified and classified independently by two epileptologists. A correlate to the seizure pattern in the raw EEG was sought in the QEEG spectrograms in 4-6 h EEG epochs surrounding the identified seizures. A given spectrogram was interpreted as indicating a seizure, if at the time of a seizure it showed a visually significant departure from the pre-event baseline. Sensitivities for seizure detection using each spectrogram were determined for each seizure subtype. Results: Overall sensitivities of the QEEG spectrograms for detecting seizures ranged from 43% to 72%, with highest sensitivity (402/562,72%) by the seizure detection trend. The asymmetry spectrogram had the highest sensitivity for detecting focal seizures (117/125,94%). The FFT spectrogram was most sensitive for detecting secondarily generalized seizures (158/187, 84%). The seizure detection trend was the most sensitive for generalized onset seizures (197/250,79%). Conclusions: Our study suggests that different seizure types have specific patterns in the Persyst QEEG spectrograms. Identifying these patterns in the EEG can significantly increase the sensitivity for seizure identification.
Introduction
As the demand has grown for continuous EEG monitoring in ICUs and in epilepsy monitoring units (EMUs), there is an increasing need for rapid and accurate tools to evaluate EEG data [1] . Multiple quantitative EEG display tools have been developed to facilitate interpreting prolonged EEG recordings. QEEGs highlight significant electrographic events and EEG trends [1] .
QEEG is a mathematically compressed assessment of raw EEG that includes display of mean spectral magnitude or power for multiple frequency bands, aids in evaluating large EEG data via a simplified screen shot [2] . It may permit more rapid identification of seizures than raw EEG, considerably decreasing assessment time [1] . QEEG has been used to identify seizure onset times, ictal and postictal durations, and seizure types [3] . It also has been used to assess the effects of anesthetics [4] , monitor cerebral ischemia [5] , and detect seizures (in pediatric and adult populations) [6, 7] .
Persyst Magic Marker package includes multiple spectrograms defined by amplitude, frequency, rhythmicity, and degree of electrographic asymmetry. These spectrograms can be customized in terms of power spectrums, montages, and color density arrays to increase the sensitivity of seizure detection and to facilitate ease of screening.
The most recognized problem with QEEG use is the high rate of false positive detections generated by movement artifacts (e.g., chewing, shaking). It is also not sensitive to brief and slowly evolving seizures [2] . It was hypothesized, based on focality and seizure evolution, that different types of seizures may have distinct spectrographic "signatures". Additionally, these types of seizures may not be highlighted in all spectrograms or seizure detection trends.
The objective of this study was to compare the sensitivities of Persyst QEEG spectrograms for detecting seizure subtypes in ICU and EMU settings (i.e., focal seizures, focal with secondary generalization, and generalized seizures). The spectrograms were included as per Persyst 12 EEG system integration software.
(1) Asymmetry relative spectrogram (i.e., displaying power differences between homolog electrodes at discrete frequencies, illustrating power asymmetry across the two hemispheres). It uses a line graph to display an average of the absolute values, over a specified frequency range, of relative asymmetry data as a function of time. Time is displayed on the x-axis and percent absolute asymmetry on the y-axis. (2) Fast Fourier transform (FFT) spectrogram (i.e., displaying color coded power of EEG at different frequencies using a fast Fourier transform analysis of the amplitude of waveforms as a function of time). Time is displayed on the x-axis and a measure of EEG power on the y-axis. (3) Rhythmicity spectrogram (i.e., displaying a mathematical three dimensional representation of the power characteristics for the EEG, and a density spectral array of frequencies, as a function of time). It provides a graphical depiction of the amplitude of primary rhythmic EEG components present in four frequency bands spanning 1-25 Hz. Due to multiple rhythmic frequencies present in the EEG, the rhythmicity is calculated in four bands: 1-4 Hz, 4-9 Hz, 9-16 Hz and 16-25 Hz. (4) Amplitude EEG (aEEG) spectrogram (i.e., displaying amplitude characteristics of a filtered and rectified representation of the EEG as a function of time), time is displayed on the x-axis and the aEEG amplitude measure on the y-axis. (5) Seizure detector trend (i.e., displaying the combination of multiple inputs as a seizure probability). The seizure detection represents the probability that the epoch represents an electrographic seizure. It provides a discrete value of zero or one depending on whether a seizure has been detected.
Methods
This was a retrospective analysis of 58 successive patients (34 males and 24 females) who received continuous EEG monitoring in the ICU or EMU between July 2016 and January 2017. Patient ages ranged from 5 to 64 years (mean = 36 years). The common indications for the continuous EEG included, capturing and characterizing frequent events, screenings for nonconvulsive status epilepticus and subclinical seizures. EEGs that identified multiple seizures across a 4-6 h epoch were included. The study was approved, by the institutional review board of Albert Einstein College of Medicine, with a waiver of informed consent.
EEG data
Digital EEG recordings were obtained with employment of the standard International 10-20 system. Quantitative analyses of raw EEG data were performed in real time using Persyst 12 EEG system integration software.
QEEG analyses
Seizure types, identified from raw EEGs, were separated into three groups (20 patients each in the focal seizure and focal with secondary generalization groups and 18 in the generalized seizure group). Raw EEGs were considered as the gold standard for seizure identification and were independently reviewed by two epileptologists and the inter rater disagreement was resolved by mutual discussion and a common consensus was achieved. The third rater, also an epileptologist, trained in analyzing QEEGs analyzed the QEEG spectrogram. Standard diagnostic criterions were used for diagnosis of electrographic and epileptic seizures. An epileptic seizure was defined as a transient occurrence of signs and/or symptoms due to abnormal excessive or synchronous neuronal activity in the brain [8] . Electrographic seizures were defined as events with background EEG changes lasting >10 s with evolution pattern in frequency, spatial distribution, or morphology [9] . A seizure pattern was initially identified in the QEEG based on the raw EEG, following which seizures were identified using the QEEG spectrogram across a 4-6 h epoch. Epochs containing seizures were reviewed with the Persyst 12 Magic Marker package displaying the following spectrograms: Rhythmicity, FFT, Asymmetry and aEEG spectrograms.
This study employed a novel technique for identifying specific QEEG characteristics of different seizures and then customization of individual QEEG spectrogram parameters to identify subsequent seizure. The customization of individual QEEG spectrogram helps by increasing the power display for specific frequency or asymmetry between the hemispheres. A given spectrogram was interpreted as indicating a seizure, if at the time of a seizure it showed a visually significant departure from the pre event baseline. Sensitivities for seizure detection using each spectrogram were determined for each seizure subtype.
The following default settings were applied for individual spectrograms (Persyst 12 EEG system integration software): color palette is used) 0-2 mV/Hz, can be customized from 0 to 70 mV/Hz.
3) Asymmetry spectrogram: The y axis (frequency display) 1-18 Hz, can be customized from 0 to 30 Hz; z axis (power display) À50 to 50%, can be customized from À70 to 50%. 4) aEEG spectrogram: The trends are plotted on a linear y-axis scale from 0 to 10 mV and a logarithmic scale from 10 to 100 mV.
Statistical analyses
Sensitivities of individual QEEG spectrograms were calculated and compared to raw EEGs as the gold standard for seizure detection. Two-tailed probability values were calculated using chisquare tests to assess statistical significance of seizure detection between the seizure detection trend vs. various spectrograms (see Table 1 ).
Results
A total of 348 h of raw EEG was analyzed. Review of the raw EEG by board-certified electroenecephalographers identified a total of 562 seizures: 125 focal (from 20 patients), 187 focal with secondary generalization (from 20 patients), and 250 seizures generalized at onset (recorded from 18 patients). Sensitivities for detecting seizures across all QEEG spectrograms ranged from 43% to 72%; greatest sensitivity was obtained for the seizure detection trend 402/562 (72%) and least with asymmetry spectrogram 244/562 (43%).
Sensitivities for QEEGs spectrograms in detecting seizures in the focal seizure group ranged from 29% for the rhythmicity spectrogram to 94% for the asymmetry spectrogram (see Table 1 ). The sensitivity of asymmetry spectrogram compared to the seizure detection trend spectrogram was significantly higher (117/125, 94% vs. 87/125, 70%) (p value < 0.0001). The asymmetry spectrogram was more sensitive in the EEG epochs (i.e., 5, 6, 8, 9 , 17, and 18) (see Supplementary Table 1) where the seizure detection trend spectrogram showed suboptimal seizure detection (31/31 vs. 0/ 31). The majority of these seizures in the raw EEG were characterized by low amplitude brief discharges lasting 5-10 s followed by a post ictal slowing. These brief seizures, in addition to post ictal focal slowing, increased the power asymmetry between the two hemispheres. This power asymmetry was highlighted in the asymmetry spectrogram as a seizure but was not detected by the seizure detection trend (see Fig. 1a) .
QEEG sensitivities for detecting seizures in the focal with secondary generalization group ranged from 46% for the asymmetry spectrogram to 84% for the FFT spectrogram (see Supplementary Table 2 ). The FFT spectrogram yielded significantly greater sensitivity for detecting focal seizures with secondary generalization compared to the seizure detection trend spectrogram (158/ 187, 84% vs. 118/187, 63%) (p value < 0.0001). Most EEG epochs demonstrated good concordance across spectrograms. However, the seizure detection trend spectrogram showed suboptimal seizure detection in epochs 2, 3, 6, 10, 15 and 17 compared to the FFT spectrogram (20/70 vs. 69/70). The majority of these seizures were prolonged, low frequency (rhythmic delta activity), and low amplitude seizures that predominantly evolved in amplitude lasting for 10-20 min (see Fig. 1b ). The raw EEG of epoch 2 consisted of predominantly lateralized periodic discharges (LPDs) over the right temporal region which at times evolved into brief electrographic seizures patterns. These seizures were not detected by the seizure detection trend spectrogram.
Sensitivities for QEEGs detecting seizures in the generalized group ranged from 16% for the asymmetry spectrogram to 79% for the seizure detection trend spectrogram (see Supplementary Table 3 ) (see Fig. 1c ). The majority of seizures not detected by the seizure detection trend spectrogram were brief, lasting less than10 s.
Amongst 58 patient's cohort, the EEG epochs were from 29 EMU and 29 ICU patients. In the EMU cohort, 29 patients generated 324/ 562 (58% seizures): generalized 236/324, focal 26/324, and focal with secondary generalization was 62/324. In the ICU cohort, 29 patients generated 238/562 (42% seizures): generalized 14/238, focal 99/238, and focal with secondary generalization was 125/238 (see Supplementary Fig. 1 ). False positive seizure identification was defined as visually significant departure from the pre-event baseline in a given spectrogram with no raw EEG correlate. 
Discussion
Although QEEG does not yield the same accuracy for seizure detection as conventional EEG monitoring, it can be a sensitive bedside tool for rapidly identifying seizures [1] . Despite significant advancement in the Quantitative EEG analysis, it should always be interpreted along with the raw EEG tracing on which the quantitative analysis was performed. A thorough familiarity with raw EEG and its associated artifacts is a prerequisite to understand the meaning of the quantitative EEG results. This study provided evidence that different QEEG spectrograms can be used as sensitive instruments for detecting seizure subtypes (see Fig. 2 ). The asymmetry spectrogram correctly identified 94% of focal seizures, the FFT spectrogram identified 84% of focal seizures with secondary generalization, and the seizure detection trend spectrogram identified 79% of generalized seizures.
This study employed a novel technique for identifying specific QEEG characteristics of different seizures and then using these characteristics to identify seizure subtypes. This approach increased sensitivities for detecting focal seizures from 70% to 94% and for detecting focal seizures with secondary generalization from 63% to 84% (as compared to seizure detection trend). QEEG can also be used for representation of various seizure types using scalp topography power spectral analysis (see Supplementary  Fig. 2) .
In a previous study of QEEG application with critically ill children, Abend, Dlugos, and Herman [6] identified multiple factors that lead to inconsistency in seizure detection. Among these were inherent seizure characteristics such as duration of seizures and spike amplitude [10] . Another study with critically ill babies, assessing the enveloped trend for seizure detection, concluded that QEEG does not identify brief or slowly evolving seizures [6] . Similar results were obtained in a seizure detection study using a color density spectral array (CDSA) and amplitudeintegrated EEGs (i.e., aEEGs). The authors concluded that lowamplitude, short, and focal seizures decreased seizure detection sensitivity [3] .
Multiple previous studies have described use of different methods in facilitating automatic detection of seizures using EEG. Dr. J. Gotman in 1982 described the use of paroxysmal bursts of rhythmic activity for automatic seizure detection [11] . This algorithm was based on the detection of paroxysmal and rhythmic flushes of the raw EEG with a frequency of 3-20 c/s associated with significant changes in amplitude relative to the interictal background. The algorithm was simple and relatively easy to implement but identified only 22% of epileptic seizures and 58% of detections identified non-epileptic bursts. Many of the algorithms used in the present study are descended from Gotman's pioneering work. Where this line of investigation has focused on developing tools to extract information from the EEG alone, recent paper by Furbass et al. explored using electromyography (EMG) and electrocardiography (ECG) signals in addition to EEG for detection of seizures [12] . In this study, all focal seizures evolving to bilateral tonic-clonic were detected and sensitivity for detection of seizures that remained focal was 86%. Generalized seizures were not considered. Some types of generalized onset seizures can be quite brief and some, such as absence seizures, have only subtle motor manifestations. It remains to be seen whether EMG or ECG can be helpful for detecting seizures of this type. In a recent article, Ramgopal et al reviewed seizure detection systems using EEG, EMG, EKG, accelerometry, automated video analysis, mattress sensors and seizure alert dogs, individually and in various combinations [13] . While these systems may allow for the early detection of seizures, even prior to their clinical onset, none of these modalities, alone or in combination, were found to be 100% sensitive or specific. Future work will better define the role of multi-modal monitoring in routine clinical EEG analysis, real-time seizure detection and in closed-loop seizure intervention systems.
Applying different QEEG spectrograms in our study not only led to increased sensitivities of seizure detection, it also decreased above noted pitfalls related to seizure duration and amplitude. The asymmetry spectrogram identified brief seizures in the focal seizure group lasting only 5-8 s. It is posited that focal ictal patterns followed by post ictal slowing increased the power asymmetry between the hemispheres, which led to detection by the asymmetry spectrogram (Fig. 1a) . Similarly, for the focal with secondary generalization group, EEG epochs 3, 6, 15 and 17 yielded very slowly evolving seizures with low frequencies and amplitudes. These epileptic events were not reliably detected by the seizure detection trend spectrogram (i.e., yielding an overall sensitivity of 63%). However, employing FFT spectrograms increased the detection sensitivity to 84% for this seizure subtype. Thus, it appeared that low frequency seizures that predominantly evolve in amplitude may best be detected by an FFT spectrogram. This can be attributed to analysis by the Fourier transform which displays the color coded power of EEG (based on the amplitude of the waveforms) at different frequencies.
Generalized seizures were best detected by the seizure detection trend spectrogram with a sensitivity of 197/250, 79%. Factors seemingly contributing to the lower sensitivity of seizure detection by seizure detection trend included lower seizure frequency (delta and theta rage) and brief duration (less than 10 s). Additionally, since generalized seizures were characterized by similar power in each hemisphere, they were not likely to be detected by an asymmetry spectrogram. As the majority of generalized seizures did not have an evolution pattern, they similarly were less likely to be detected by the FFT or rhythmicity spectrograms. Robust seizure detection sensitivities were obtained with high amplitude and with high frequency seizures. These outcomes were concordant with findings reported by multiple prior studies [1, 2, 5] .
The sensitivity of seizure identification in a recent study ranged from 51% to 67%, for QEEG alone and from 63% to 68% for QEEG + raw EEG [1] . In another study employing CDSA and aEEG or seizure detection, without raw EEG, the median sensitivity was reported as 83% with CDSA and as 82% with aEEG [3] . The greatest sensitivities for seizure detection in our study (ranging from 79% to 94% across seizure subtypes) exceeded these reports. Conceivably, the reason for this difference with prior studies may lie in the customization of QEEG for individual seizures. QEEG measures, including the power and amplitude displays based on individual seizure types, were customized after detection of the initial seizure.
One limitation for the applicability of these data is that it derived from a single center study. Despite attempting to acquire a representative sample of critically ill children in ICUs and EMUs, it is unknown whether the objective was sufficiently achieved to permit these findings to be generalized to populations in other medical centers. Generalizability further may be restricted because of: a) employing different QEEG tools, and b) the relatively small sample size that did not permit subgroups to be formed for patients of different ages. We did not compare the sensitivities of various spectrogram in the EMU vs. ICU settings as well as did not characterize seizure into temporal vs. extra temporal onset.
These methodological limitations notwithstanding, these data indicate that seizure subtypes incorporate specific electrographic patterns (i.e., "signatures") that can be diagnosed by specific QEEG Persyst spectrograms. Knowing seizure subtypes and their specific patterns can permit the epileptologist to customize the QEEG to increase sensitivity of seizure identification. Therefore, recognizing specific "signatures" in the initial seizure offers the promise of increasing sensitivity for detecting subsequent seizures. Further research to assess the sensitivity of QEEG for seizure detection and the relative utility of these tools in EMU vs. ICU environments is ongoing and may increase our understanding of the utility of these tools for screening the raw EEG.
